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The recent NANOGrav evidence of a common-source stochastic background provides a hint to
Gravitational Waves (GW) radiation from the Early Universe. We show that this result can be
interpreted as a GW spectrum produced from First Order Phase Transitions (FOPTs) around a
temperature in the KeV-MeV window. Such a class of FOPTs at temperatures much below the
electroweak scale can be naturally envisaged in several Warm Dark Matter models such as Majoron
Dark Matter.
Introduction. The NANOGrav Collaboration has re-
cently released an analysis of pulsar timing data gath-
ered over the last 12.5 yrs [1]. An evidence of a
stochastic spectrum was found, compatibly with Grav-
itational Wave (GW) signals with frequency within
f ∼ 10−6 ÷ 10−5 mHZ, average GW energy density
〈ΩGWh2〉NANOGrav ∼ 10−10 and almost flat GW spec-
trum ΩGW (f)h
2 ∼ f−1.5±0.5 at 1σ-level. Such a sig-
nal may be interpreted as a hint of new physics beyond
the Standard Model (SM), generating GWs from Early
Universe mechanisms. Recently, several attempts were
proposed, so as to interpret the NANOGrav observa-
tions from Cosmic Strings [2, 3] and Primordial Black
Holes [4, 5]. Indeed, it is well known that in both these
cases the GW spectrum is almost flat for several orders
of magnitude, allowing for a possible cross-check obser-
vation in future satellite interferometers such as LISA,
TAIJI and TianQin projects (around the mHz GW fre-
quency) and the future terrestrial interferometers beyond
LIGO/VIRGO such as the ET project (around 10 Hz or
so) [2–5].
GW stochastic backgrounds may notoriously arise also
from First Order Phase Transitions (FOPTs), in the
early Universe, recently a subject of a massive investi-
gation (see e.g. Refs. [6–33]). The most part of the
FOPTs hitherto analyzed in literature was around the
electroweak (EW) scale, resulting in a test of possible
SM extensions of the Higgs sector, leading to GW signals
around the mHz frequencies with implications for future
space interferometers. Within these scenarios, typically
extra scalars beyond the SM are introduced as strongly
coupled to the Higgs bosons, compatible with LHC con-
straints — see e.g. Ref. [28].
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Nevertheless, FOPT dynamics can be hidden in a Dark
Matter sector, weakly coupled to the Higgs and the other
SM fields. In this case, FOPTs can be easily recovered
at much lower energies than the EW scale, without any
collider constraint. Indeed, there are several Dark Mat-
ter models, beyond the Weak Interacting Massive Parti-
cle (WIMP) paradigm, that introduce new hidden scalar
fields which may have false and true minima far below
the EW domain.
Alternatively to WIMPs, Dark Matter particles can
have a mass much below the 10 GeV ÷ 1 TeV. For ex-
ample, Warm Dark Matter (WDM) particles typically
have a masses in a broad range around the 0.1 KeV ÷
100 MeV. In WDM models several new extra scalars,
with 0.1 KeV ÷ 100 MeV vacuum expectation values
(vevs) related to new symmetries beyond the SM, can
be envisaged. An explicit example is the Majoron Dark
Matter model [46–50], analyzed in our previous compan-
ion paper1 [14], for which we proposed tests in radio-
astronomy experiments, including NANOGrav 2
Indeed, if the FOPT nucleation temperature was
around the WDM-scale, then the GW spectrum should
be detected around the 1 ÷ 10 nHZ frequency region,
corresponding to Pulsar timing tests [14]. In principle,
one would naively expect that the FOPT spectrum can-
not work as an explanation of the NANOGrav excess:
1 A 0.1÷100 KeV FOPT takes places between the Big Bang Nucle-
osynthesis (BBN, TBBN ∼ 0.1÷ 1 MeV) and the Recombination
(TCMB ∼ 1 eV) epochs. It does not alter the predictions for
both the BBN and the Cosmic Microwave Background (CMB)
radiation: the BBN happens much before the KeV-scale, produc-
ing the right amount of light nuclei ratios; the CMB radiation
is emitted when the KeV-FOPT already ended, with no bubbles
having survived and with a GW spectrum produced that is much
below the CMB GW limits [14].
2 An alternative possibility of low GW frequency signals is related
to Solitosynthesis of Q-balls predicted in Asymmetric Dark Mat-
ter scenarios [34].
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2typically FOPT GW signals do not have a large flat
plateau, as in the Cosmic Strings and Primordial Black
Holes (PBH) generation cases. On the other hand, the
NANOGrav sensitivity includes only an order of magni-
tude in the frequency window. This allows to suspect
that also GW stochastic background radiation with a
“locally” flat spectrum within the NANOGrav frequency
window may provide a possible explanation for the puz-
zling excess.
In this letter, we show that WDM-inspired FOPTs can
explain the NANOGrav results, potentially opening a
new phenomenological channel for Multi-messenger Dark
Matter particle searches. We find examples of FOPTs
that are compatible with the NANOGrav stochastic sig-
nal within a 95% C.L. . We show that, contrary to Cos-
mic Strings and PBH genesis mechanisms, the FOPT
spectra explaining NANOGrav will elude other GW ob-
servations at higher frequencies. Thus, in principle,
a comparative analysis of FOPTs, Cosmic Strings and
PBHs can allow to discriminate them from one another,
thanks to future cross-correlated radio- and GW- astron-
omy analyses.
GW from FOPTs. The GWs originated from
FOPTs are characterized by a limited set of parameters.
The strength of the FOPT α ≡ α(T ) at the bubble nu-
cleation temperature Tn is related to the trace anomaly
[6–9] and casts
α =
1
ργ
[
VI − VF − Tn
4
(∂VI
∂T
− ∂VF
∂T
)]
, (1)
where ργ = (pi
2/30)g∗T 4n is the radiation energy density
at the bubble nucleation temperature, g∗ the number of
relativistic degrees of freedom, and VI,F are respectively
the effective potentials just before and after the FOPT.
Then VI,F do correspond, respectively, to the symmet-
ric and broken phases. The characteristic rate β of the
phase transition, compared to the Hubble rate, is another
important parameter impacting on the GW spectrum,
expressed by
β
H
= Tn
∂
∂T
(S3
T
)∣∣∣
Tn
, (2)
where S3 is the thermal-corrected Euclidean action of the
scalar field.
The typical contributions to GWs from FOPTs are
provided by: i) Bubble-Bubble collisions; ii) Magnetohy-
drodynamic (MHD) turbulence; iii) Sound shock waves
(SW) in the plasma. The latter two effects are gener-
ated by the bubble violent expansion inside the Early
Universe plasma. The three contributions are produced
in a rapid transient of time, close to the Bubble nucle-
ation epoch. Subsequently, they are redshifted by the
Universe expansion, appearing to today observers as a
Cosmic Gravitational Wave Stochastic Background.
A strong and detectable GW signal can be produced if
the Bubble Wall velocity is high enough. For a supersonic
detonations, the velocity reads
vB =
1
1 + α
(
cs +
√
α2 +
2
3
α
)
, (3)
cs = 1/
√
3 denoting the characteristic speed of sound in
the plasma. Eq. (3) provides a relation between the wall
velocity and the FOPT strength magnitude.
In our analysis, we will study FOPTs related to non-
runnaway bubbles. It is known that in these cases, most
of FOPTs predict a dominance of the sound waves and
turbulence contributions over the collision GW spectrum
[6, 7, 9, 38, 40] 3.
Majoron Dark Matter. As an example of WDM
model which can generate FOPTs, we may consider a
minimal extension of the SM symmetry with an extra
global UL(1) symmetry. We introduce a new complex
scalar singlet field that is a singlet of the SM gauge group
and is coupled to neutrinos and the Higgs boson as
fHL¯νR + hL,Rν¯L,Rν
c
L,R + V (σ,H) + h.c , (4)
with h, f coupling matrices. The potential V (σ,H) in-
duces a vev for the scalar field that spontaneously breaks
the extra UL(1) once 〈σ〉 = v′. After the symmetry
breaking, LH and RH (if introduced) neutrinos acquire a
Majorana mass µL,R = hL,Rv
′ [46–48].
It is worth to note that, while the real part of the
complex scalar singlet gets a mass proportional to v′,
the imaginary part remains perturbatively massless, as a
Nambu-Goldstone boson of UL(1). The imaginary part
field J of σ = φ + iJ is dubbed Majoron and, if the
symmetry is softly broken by non-perturbative quantum
gravity effects, it can acquire a tiny mass [49]. Thus the
Majoron can provide a candidate of either WDM [49, 50]
or Cold Bose-Einstein DM [51].
The scalar sector of the model has a potential
V (σ,H) = V0(σ,H) + V1(σ) + V2(σ,H) , (5)
where
V0(σ,H) = λs
(
|σ|2 − v
′2
2
)2
+ λH
(
|H|2 − v
2
2
)2
+ λsH
(
|σ|2 − v
′2
2
)(
|H|2 − v
2
2
)
. (6)
In Eq. (5), the V1,2 potentials are higher order effective
operators which can efficiently catalyze FOPTs.
3 Recent numerical results evidence that the sound wave contribu-
tion has a limited transient of time before the MHD turbulence
would induce a decoherence effect on it [35–39]. This leads to
a revisit of GW spectral features considered in literature before
[35–39]. For further improvements on the collision contribution
beyond the leading-order thin wall approximation see Refs. [41–
43] and for progresses in lattice realisation Refs.[44, 45]
3Resorting to a wide literature devoted to the argu-
ment, two possibilities can be considered: i) the case of
five-dimensional (5-D) operators, which softly break the
UL(1) symmetry; ii) the case of six-dimensional (6-D)
operators, with 5-D terms suppressed.
The first possibility corresponds to
V
(5)
1 =
λ1
Λ
σ5 +
λ2
Λ
σ∗σ4 +
λ3
Λ
(σ∗)2σ3 + h.c , (7)
V
(5)
2 (σ,H) =
β1
Λ
(H†H)2σ +
β2
Λ
(H†H)σ2σ∗
+
β3
Λ
(H†H)σ3 + h.c. , (8)
while the second scenario amounts to
V
(6)
1 (σ) =
γ1
Λ2
σ6 +
γ2
Λ2
σ∗σ5 +
γ3
Λ2
(σ∗)2σ4
+
γ4
Λ2
(σ∗)3σ3 + h.c. , (9)
V
(6)
2 (σ,H) =
δ1
Λ2
(H†H)2σ2 +
δ2
Λ2
(H†H)2σ∗σ
+
δ3
Λ2
(H†H)σ3σ∗ +
δ4
Λ2
(H†H)(σσ∗)2
+
δ5
Λ2
(H†H)σ4 + h.c. . (10)
The leading order thermal corrections to the effective
potential cast
Veff(σ, T ) ' CT 2(σ†σ) + V (σ,H) , (11)
with
C =
1
4
(m2σ
v′2
+
m2H
v2
+ h2L + h
2
R − 24K
)
, (12)
in which including 5-D operators one finds
K = K(5) = (λ2 + λ3)
v′
Λ
+ β2
v′
Λ
, (13)
while including 6-D perators, one obtains
K = K(6) =
1
Λ2
[(δ2 + δ3 +γ2 +γ3 +γ4)v
′2 + (δ2 + δ3)v2] .
(14)
When exactly L-preserving operators are taken into
account, the only terms allowed are the ones associated
to the γ4, δ2, δ4. In the following, we will consider the L-
preserving case, reducing the large parameter space we
have just introduced.
GW signals and NANOGrav. In Fig.1, we
show several GW spectra from FOPTS which lie in
the NANOGrav 12.5 yrs sensitivity. Comparisons with
NANOGrav 11 yrs, PPTA and EPTA are also displayed.
The GW spectra are performed following the method-
ology explained in Refs. [8, 9]. In particular, we ex-
plored the case of non-runaway bubbles, dominated by
the sound waves and turbulence contributions to the GW
stochastic background [6–9]. Several FOPT spectra with
nucleation temperature around the KeV-range are con-
sidered. We show here that many possible GW signals
“enter” within the NANOGrav 12.5 region with an al-
most flat spectra, compatible with the NANOGrav 12.5
excess within 1σ (65% C.L.) and a subgroup within 2σ
(95 % C.L.). It is relevant to the purpose of our discussion
that the GW spectra rapidly decay for higher frequen-
cies, rendering their effects completely elusive for GW
interferometers [14]. Furthermore, WDM-FOPT spectra
rapidly decay, for several orders of magnitude, thus not
being affected by the constraints on the CMB radiation
[14].
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FIG. 1. Several GW signals from FOPTs are displayed and
compared with the sensitivity region of NANOGrav 12.5 yrs
[1], NANOGrav 11 yrs [52], PPTA [53], EPTA [54]. We show
the cases of several FOPTs corresponding to different val-
ues of the {α, β/H, Tn} parameters: 1) Yellow {0.7, 5, 3 KeV};
2) Cyan {0.3, 10, 300 KeV}; 3) Magenta {0.5, 2, 300 KeV}; 4)
Blue {0.5, 2, 0.6 KeV}; 5) Dark purple {0.5, 10, 30 KeV}; 6)
Red {0.1, 10, 2 MeV}, 7) Black {0.1, 10, 100 MeV}. The in-
trinsic uncertainties of sound and turbulence efficiency factors
are considered.
The Majoron model predicts numerous FOPT points
around Tn = 0.1KeV÷100MeV, assuming v′ = 0.1KeV÷
100 MeV. We may also consider the effect of 6-D opera-
tors. Considering Eq. (12) and Eq. (14), a condition for
a strong FOPT that can be detected in NANOGrav casts
K(6) ' 4× 10−2
[m2σ
v′2
+ λsH + h
2
L,R
]
. (15)
Assuming L-preserving operators, only δ2, γ4-operators
4are selected, and K(6) simplifies to
K(6) ' δ2v2/Λ2 , (16)
since the v >> v′. Assuming δ2 ' 1 and λsH << 1, and
having hL << 1 for neutrino self-consistency data (while
RH neutrino are integrated out at much larger energy
scales), we obtain the bound on Λ/v
Λ ' 24 v , (17)
namely the 6-D operator corresponding to δ2 has UV
scale around the 4 ÷ 5 TeV, evading LHC limits on
the electroweak sector. In our numerical analysis, per-
formed with the help of the CosmoTransitions package
[55], under the Majoron model assumptions above, we
found several FOPTs within the NANOGrav 12.5 sen-
sitivity. In particular, several FOPTs have been recov-
ered, with Tn ∼ 0.1 KeV÷ 100 MeV, β/H/ ' 2÷ 20 and
α ' 0.1÷ 0.9, that overlap the model independent plots
displayed4 in Fig. 1.
Conclusions. In this letter, we showed that the
strong evidence of a single-spectrum stochastic back-
ground found by NANOGrav 12.5 yrs can be explained
as a GW signal from First Order Phase Transitions
(FOPTs) around the Warm Dark Matter physics scale.
Indeed, reasons to suspect that FOPTs may be much be-
low the electroweak scale are inspired by several WDM
scenarios, where the typical new physics scale appears
around the KeV-MeV energy window rather than in
the electroweak domain. Our result inspires a different
paradigm towards indirect dark matter searches beyond
WIMPs. On the other hand, interestingly, radio-signals
from FOPTs can be discriminated by ones from PBHs or
Cosmic Strings from future multi-messenger cross-checks
with GW direct detection experiments, including LISA,
TAIJI, TianQin and ET. Thus, the NANOGrav result
may inaugurate a new era towards a multi-messenger ap-
proach to fundamental physics and Dark Matter.
Acknowledgements. We would like to thank Marek
Lewicki and Graham White for interesting discussions
and remarks on these subjects. The work of A.A.
is supported by the Talent Scientific Research Pro-
gram of College of Physics, Sichuan University, Grant
No.1082204112427. Y.-F.C. is supported in part by
the NSFC (Nos. 11722327, 11653002, 11961131007,
11421303), by the CAST-YESS (2016QNRC001), by the
National Youth Talents Program of China, and by the
Fundamental Research Funds for Central Universities.
A.M. wishes to acknowledge support by the Shanghai
Municipality, through the grant No. KBH1512299, by
Fudan University, through the grant No. JJH1512105,
and by NSFC, through the grant No. 11875113. All nu-
merics were operated on the computer clusters LINDA
& JUDY in the particle cosmology group at USTC and
the work station at CTP, Sichuan Univeristy.
Note added. During the preparation of our letter,
a possible explanation of NANOGrav from FOPTs ap-
peared on arXiv [56]. In our first analysis, we explored
KeV-scale FOPTs while the authors of Ref.[56] consid-
ered 0.1 ÷ 100 MeV physics. In the second version of
our paper, we extended our analysis to the 0.1 KeV ÷
100 MeV-window which is compatible with Warm Dark
Matter models.
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